Introduction
Nociceptive signals originate in nerve terminals of a subset of sensory neurons where various ion channels or receptors are expressed in the plasma membrane and transduce harmful external signals to action potentials. Among the small sensory nerve fibers, unmyelinated fibers (C-fibers) are polymodal because they respond to various forms of stimulation such as noxious mechanical, thermal, and chemical stimuli. These electrical activities in nociceptors had long been thought to be mediated by specific molecular sensors such as ion channels and receptors. In the past 10 years, there has been remarkable progress in the research on molecular cloning of ion channels. The molecular identity of ion channels opened a horizon in studying their roles in nociception. It led to the determination of expression patterns in sensory neurons and response properties to various stimuli. It also led to the construction of null mutant animals, which revealed functional roles of these channels in nociception in vivo.
Among ion channels in sensory neurons, transient receptor potential (TRP) channels are those that had been studied most extensively. Some TRP channels respond to thermal and chemical stimuli, suggesting the polymodal nature of their response. Therefore, this review focuses on ion channels that are expressed in sensory neurons and implicated in mediating pain.
Temperature-sensitive transient receptor potential channels
The use of capsaicin, a pain-inducing substance found in hot chili peppers, has long been a useful tool to functionally isolate nociceptive sensory afferents without an understanding of its underlying excitation mechanism of nociceptors [1] . Not until 1996 was an ion channel that was specifically activated by capsaicin found in sensory neurons. The capsaicin-activated channel was found to be ligand-gated because it was activated by capsaicin in isolated membrane patches. The capsaicin-activated channel behaved as a nonselective cation channel because it was permeable to various cations including calcium [2] . In the following year, the capsaicin receptor was cloned and is now called TRP channel vanilloid subtype 1 (TRPV1) [3] . The finding of the genetic identity of the capsaicin receptor initiated cloning of other relative channels expressed in sensory neurons. For example, on the basis of searching genes that have sequence homology with TRPV1 from public database, TRPV2 was cloned [4] . Thus, to date, there are 27 TRP channels cloned in humans. These TRP channels can be classified into six subfamilies: TRPC, TRPV, TRPM, TRPP, TRPML, and TRPA ( Fig. 1) [5 ] . Among these TRP channels, six members are now known to respond to a wide range of temperatures: TRPV1, TRPV2, TRPV3, TRPV4, TRPM8 and TRPA1 [6 ] . Because they are activated by distinct bands of temperature ranges, these TRP channels are now called temperature-sensitive TRP, or thermoTRP, channels [6 ] . For example, TRPV1, the cloned capsaicin receptor is sensitive to noxious heat temperature (>428C) [3] . The threshold of TRPV2 detecting hot temperature occupies the highest temperature level (>528C) among those of the thermoTRP channels [4]. TRPV3 and TRPV4 are able to sense a warm range (0308C) [7] [8] [9] [10] . TRPM8 and TRPA1 are activated by cold temperature (9258C and <178C, respectively) [11] [12] [13] . Hence the ambient temperature detection seems completely covered by the actions of these thermoTRP channels. Interestingly, thermal thresholds in activating TRPV1 and TRPA1 are close to in-vivo temperature thresholds for pain (458C for heat and 158C for cold pain) [14, 15] . Because TRPV1 and TRPA1 are activated by noxious heat or cold, their roles in mediating hot and cold-induced thermal pain are expected. Indeed, knockout animal studies revealed that TRPV1 is required for thermal hyperalgesia induced by inflammation [16, 17] . Mice deficient in TRPV1, however, still show normal sensitivity to heat in normal conditions [17] . The role of TRPA1 in noxious cold sensation is controversial because recent two studies on TRPA1-deficient mice revealed conflicting results [18, 19] . Kwan and colleagues [18] observed that TRPA1 knockout mice have a behavioral deficit in response to cold. On the other hand, the Julius group failed to observe deficits in sensitivity to cold [19] . TRPV3 is activated by warm temperature [7] [8] [9] . Interestingly, even though TRPV3 responds to warm temperature, TRPV3 also appears to participate in the detection of painful heat because mice lacking TRPV3 also showed decreased sensitivity to warm temperature as well as noxious heat [20] . Very recently, three independent groups generated TRPM8-null mutant mice and reported consistent results to cold sensation. TRPM8-deficient mice exhibited reduced avoidance to cold [21 -23 ] . Furthermore, one group showed that TRPM8 is also involved in the development of neuropathic and inflammatory cold allodynia [22 ] .
The roles of thermoTRP channels are not limited to temperature detection. Some of those TRP channels have a broad contribution to other aspects of nociception such as chemical and mechanical nociception. These thermoTRP channels are activated by many painful or irritating natural chemicals. For example, capsaicin and piperine (found in red peppers and black peppers, respectively) are able to activate TRPV1 [3, 24] . Cinnamaldehyde, isothiocyanates, allicin, and acrolein that are in cinnamon oil, mustard oil, garlic and environmental pollutants, respectively, can activate TRPA1 [19, [25] [26] [27] [28] . Camphor is able to activate TRPV3 and TRPV1 [20, 29] . Most of these chemicals are produced from plants and used for food additives or spices. Because thermoTRP channels are expressed in subsets of dorsal-root ganglion neurons or trigeminal neurons, activation of thermoTRP channels by these active ingredients of plants may explain why these chemicals have unique flavors. In addition, these chemicals become useful tools to study thermoTRP channels.
Inflammation signals to thermoTRP channels
TRPV1 is activated by inflammatory mediators. Proton accumulation in inflammatory or ischemic tissues is one main cause of inflammatory pain. Interestingly, the proton is a direct activator for TRPV1 [30, 31] . Other inflammatory mediators, such as bradykinin, nerve growth factor (NGF), histamine and prostaglandins use TRPV1 as a core downstream target molecule to exert their actions on sensory neurons. Among these inflammatory mediators, bradykinin draws special attention because it causes pain or pain-like behavior when administered [32] . Bradykinin excites sensory neurons [33, 34] . Two types of signaling pathways are suggested for the excitation of Temperature-sensitive transient receptor potential, or ThermoTRP, channels have six putative membrane-spanning domains and cytoplasmic amino and carboxyl termini. Some thermoTRPs have numbers of ankyrin repeats at their amino terminus. Acid-sensing ion channels (ASICs) and P2X receptors have two putative membrane-spanning domains. Two pore domain potassium channels (K2Ps) are composed of four transmembrane domains and two pore-regions. Pore-forming subunits of voltage-gated channels are composed of four units that have six transmembrane domains. Dark-colored membrane spanning regions are voltage sensors (S4 segment of each unit that has many residues of positive charges).
sensory neurons by bradykinin. One proposed pathway is the activation of phospholipase A 2 by bradykinin receptor stimulation and subsequent activation of 12-lipoxygenase. 12-Lipoxygenase converts arachidonic acid to eicosanoids like 12-hydroperoxyeicosatetraenoic acid (12-HPETE) (Fig. 2) . These lipoxygenase metabolites, 12-HPETE or leukotrienes have a potential to activate TRPV1 when applied directly to TRPV1 [35] . Among the lipoxygenase metabolic products, 12-HPETE was the most potent and efficacious in activating TRPV1. Furthermore, competition-binding assays of 12-HPETE with resiniferatoxin, a potent agonist of TRPV1, revealed that 12-HPETE can bind directly to TRPV1 with slightly greater potency than capsaicin [33] . Most importantly, a computer modeling study on comparison of three-dimensional structures of 12-HPETE and capsaicin revealed that the two three-dimensional structures are similar [35] . Because of the structural similarity with capsaicin and direct binding to TRPV1, 12-HPETE might be a good candidate for endogenous activator of TRPV1.
Another pathway suggested for the bradykinin signaling pathway is the activation of phospholipase C (PLC). PLC is activated also by bradykinin receptor. There are, however, two proposed pathways for downstream signals to PLC. One is the sequestration of phosphatidylinositol-4,5-bisphosphate (PIP 2 ) from the plasma membrane by PLC. PIP 2 is a substrate of PLC that hydrolyzes it to inositol triphosphate and diacylglycerol. Therefore, PLC removes PIP 2 from the plasma membrane. PIP 2 , however, is now considered as a key element that controls activities of ion channels [36] . Chuang and colleagues [37] found that PIP 2 binds to and inhibits TRPV1 constitutively. Therefore, activation of PLC can 'disinhibit' or activate TRPV1 by removing PIP 2 from the vicinity of TRPV1 [37, 38] . Thus, bradykinin seems to sensitize TRPV1 by stimulating PLC that prevents PIP 2 from blocking TRPV1 (Fig. 2) . Similarly, it was also suggested that the sensitization of TRPV1 by NGF also uses the same PLC-PIP 2 pathway [37] . Another signaling pathway that involves PLC is the PLC-protein kinase C (PKC) pathway. PLC is known to release diacylglycerol that in turn activates PKC. PKC is known to sensitize TRPV1, thus activation of PLC can sensitize TRPV1 in response to bradykinin [39, 40] (Fig. 2) . In addition to PKC, phosphorylation of TRPV1 by kinases such as protein kinase A or calcium-calmodulin dependent kinase II can sensitize TRPV1. We cannot rule out the possibility that other inflammatory signals such as prostaglandin E2 can stimulate TRPV1 via these kinases (Fig. 2) .
Because there are several pathways for bradykinin to activate TRPV1, it would be interesting to find out which signaling pathways are relevant in vivo among those proposed. To answer this question, Ferreira and colleagues [32] performed a series of in-vivo experiments. Injection of bradykinin to the hind paws of mice evokes a licking response, a nociceptive behavior. Also, bradykinin-evoked hyperalgesia is greatly reduced by inhibitors of PLC, PKC, and PLA 2 . Furthermore, hyperalgesia was also decreased by a lipoxygenase inhibitor. These results clearly suggest that bradykinin evokes pain or painrelated behavior by recruiting the PLA 2 /lipoxygenase/ TRPV1 pathway as well as the PLC/PKC/TRPV1 pathway. TRPV1 is not the only channel that mediates the excitation of sensory neurons by bradykinin. TRPA1 also seems to mediate bradykinin-induced pain. Bradykinin evoked inward currents when Chinese hamster ovarian cells were transfected with TRPA1 and B2 receptor [26] . Furthermore, bradykinin-induced calcium influx was significantly lower in sensory neurons isolated from TRPA1 knockout mice than observed in sensory neurons of wildtype mice [19] . In TRPA1 knockout mice, bradykinininduced thermal hyperalgesia or inflammation-induced hyperalgesia was decreased significantly [19] . These results suggest that TRPA1 also involves bradykininevoked nociceptive signals in sensory neurons. Detailed information for the bradykinin/TRPA1 pathway, however, is still unknown.
Itch signals
Itch or pruritus is an unpleasant sensation that causes a desire to scratch, which is sometimes stressful and exhaustive. Itch is mediated by small sensory neurons, usually unmyelinated C-fibers in the skin [41] . Histamine is one of major causes of pruritus [42] . Histamine is released from mast cells when tissues are stimulated by allergens or inflamed and excites a subset of small sensory neurons. The signaling pathway for the excitation of sensory fibers by histamine, however, was not known until recently. Shim and colleagues [43 ] reported that histamine utilizes the PLA2/lipoxygenase/TRPV1 pathway in order to excite sensory neurons. Histamine causes calcium influx in sensory neurons. The histamine-induced calcium influx is blocked by inhibitors of phospholipase A 2 , lipoxygenase and TRPV1 [43 ,44] . The histamine-induced calcium influx in sensory neurons is not observed in TRPV1-deficient mice. Histamine also increases the production of a metabolite of 12-lipoxygenase in cultured sensory neurons. More importantly, scratches induced by intradermal histamine injection are greatly decreased in mice deficient of TRPV1 [43 ] . These results give unequivocal evidence that histamine causes itch sensation by exciting a subset of sensory neurons via recruitment of the PLA 2 -lipoxygenase-TRPV1 pathway. Thus, it seems interesting that TRPV1 mediates two different sensations, itch and pain.
Possible mechanosensors
Though it remains to be clarified fully, three thermoTRP channels are also emerging as candidates for mechanosensors. TRPV4 is now considered as a possible mechanosensor because it is reproducibly gated by extracellular hypotonic solution [45, 46] . Furthermore, TRPV4-deficient mice displayed a decreased sensitivity to a type of pressure stimulation (tail pinching), suggesting that TRPV4 might be a high threshold mechanosensor [47] . TRPC1 is gated by sheer pressure imposed on patch membrane, suggesting that it is a candidate for stretchactivated channel [48] . Whether TRPC1 is implicated in mechanical nociception is not determined yet, however, mainly because of the lack of its null mutant mice. TRPV1 is not activated by pressure in vitro. Its knockout study, however, demonstrated that TRPV1 is necessary to detect normal bladder distension [49] . In contrast, cutaneous mechano-sensitivity was not altered in TRPV1-deficient mice compared to that of the wild-type mice. The role of TRPA1 as a mechanosensor has been proposed. This is controversial, however, and remains to be clarified. Initially, TRPA1 was suggested to be mechanosensitive mainly because of its presence in hair cells in the inner ear [50] . There is skepticism over its role in hearing, however, because hearing impairment is not observed in mice lacking TRPA1 [19] . Furthermore, direct mechanosensitivity of TRPA1 has not been observed yet. Kwan and colleagues [18] , however, found that mice lacking TRPA1 showed reduced sensitivity to a punctate mechanical stimulus (von Frey test) and pressure imposed with blunt tip.
Acid-sensing ion channels
Acidosis of tissues is one of the major causes of pain [51, 52] . Tissues become acidic during inflammation or ischemic conditions [53] . As mentioned above, TRPV1 is activated by extracellular proton. A large pH drop (approximately pH 5.5) is required, however, for TRPV1 activation. By contrast, members of acid-sensing ion channels (ASICs) are activated by a relatively moderate decrease of pH (approximately pH 6.5-6.9). ASICs have two transmembrane domains and belong to the degenerin/epithelial sodium channel (DEG/ENaC) family in the nematode (Fig. 1) [54] . Five different members are found in this channel superfamily: ASIC1a, ASIC1b, ASIC2a, ASIC2b and ASIC3. Depending on tissues, they are known to form homomeric or heteromeric complexes that have different pH thresholds and gating properties [55] [56] [57] [58] . Among the five, ASIC3 is found mainly in C-fiber nociceptors and presumed to participate in ischemia-induced nociception such as anginal chest pain or muscle hyperalgesia [59] [60] [61] [62] .
P2X receptors
Cytosolic ATP is released to the extracellular space in physically injured tissues. Application of ATP to the skin induces pain [63] [64] [65] [66] . Among receptors that sense extracellular ATP, P2X purinoceptors are expressed in sensory neurons [67] . Of seven P2X receptor subtypes cloned to date (Fig. 1) , P2X3 homomer and P2X2/3 heteromer are mainly expressed in sensory neurons. Because ATP is not a primary external insult, most of the researches have dealt with roles of the ATP/P2X relationship in view of inflammatory and neuropathic pain rather than acute thermal or mechanical pain. Therefore, keratinocytes in the skin were considered as primary sites that release ATP because keratinocytes form the epidermis that is innervated by sensory nerve terminals. Cook and colleagues [68] developed a co-culture system of sensory neurons and keratinocytes and successfully demonstrated that ATP is released from the cytosol of damaged keratinocytes and elicits P2X-like current response in the vicinal sensory neurons. As well as in the peripheral terminal of the sensory neurons, P2X3 is also expressed in the central terminal (the presynaptic region) and its role in enhancing neurotransmitter release from the primary afferents has been suggested [69] . The expression level of P2X3 is upregulated or the activity of P2X3 is sensitized under different conditions of acute or chronic inflammation models [63, [70] [71] [72] . Additionally, in some neuropathic pain models like sciatic nerve injury, P2X3 knockdown with siRNA or antisense reduces pain sensitivity [73] [74] [75] . Although P2X4 is rarely found in nociceptors, P2X4 is necessary for the development of neuropathic pain [76] . Microglia in the spinal cord is activated under neuropathy. These activated microglia show elevated expression of P2X4. Blocking of P2X4 with a pharmacological agent or downregulation of its expression using P2X4 antisense significantly suppressed tactile allodynia induced by spinal nerve injury [76] . Therefore, controlling activity of P2X4 in the spinal cord will be a good target for the treatment of neuropathic pain. Meanwhile, studies with P2X3 knockout mice revealed somewhat unexpected results. Thermal hyperalgesia induced by chronic inflammation using complete Freund's adjuvant is aggravated while acute inflammatory pain behavior induced by carrageenan and formalin injection is attenuated [77] .
Two pore domain potassium channels
Potassium channels control excitability of neurons in addition to shaping action potentials by changing membrane potentials. Potassium channels are not primary molecular sensors that detect external stimuli and transduce to electrical activity in sensory neurons. They have, however, a potential to control the excitability of sensory neurons and therefore regulate outputs of electrical activity of sensory neurons. Among many different types of potassium channels, two-pore domain potassium channels (K2Ps) attract attention. K2Ps contribute to maintaining the resting membrane potentials in neurons including sensory neurons. K2Ps have four transmembrane domains and two pores in between (Fig. 1) . The first K2P channel that was cloned by a homology search in a DNA database for sequences similar to known potassium channels was the tandem-pore weakly inwardly rectifying potassium channel 1, TWIK-1 [78] . After cloning TWIK-1, numerous other K2Ps such as TREK, TRAAK, TASK, TALK, THIK and TRESK were cloned by homology search in DNA database [79 ] . The expression pattern of these K2Ps such as in-situ hybridization or immunohistochemistry in sensory neurons is not reported yet. Electrophysiological studies, however, identify the presence of TREK-1, TREK-2 and TRAAK in sensory neurons [80, 81] . All those three channels are known to have temperature sensitivity and are activated by a warm temperature range with thresholds of 25-308C [80, 81] . Channel opening of the K2Ps by a warm temperature should lead to hyperpolarization or stabilization of the membrane potential, negatively modifying the warm sensation mediated by other heat-gated channels like thermoTRP channels. Indeed, TREK-1-deficient mice displayed enhanced noxious heat sensitivity both in behavioral tests and in in-vitro recordings of the nociceptive C-fibers [82 ] . Furthermore, K2P channels are also activated by other types of stimuli [83 ] . Mechanical stretch or osmotic shock activates TREKs and TRAAK [84, 85] . Moreover, intracellular acidification (note that TRPV1 is activated by extracellular acidification) activates TREKs but inhibits TRAAK [86] [87] [88] . Mechanosensitivity of TREK-1 was also assessed in vivo using knockout animals. Acute avoidance to abnormal osmotic stimuli and the severity of inflammatory mechanical hyperalgesia were significantly affected by the TREK-1 deletion [82 ] . Interestingly, TREK-1 is activated by volatile anesthetic agents: halothane, isoflurane, chloroform, diethyl ether, and nitrous oxide [89] . Because opening of K2P channels leads to hyperpolarization of neurons, it is likely that reduced firing activity of sensory nerves due to the hyperpolarization would be a probable cause of analgesia induced by these anesthetics.
Voltage-gated channels
Depolarization mediated by voltage-gated sodium channels is a critical component to generate action potential in neurons. Because of its significance in maintaining excitability, voltage-gated sodium channels were studied most extensively. Until now, 10 pore-forming a subunits of voltage-gated sodium channels, Nav1.1 to Nav1.9 and Nax, were identified (Fig. 1) [90] . Differential expressions of these Nav channels in dorsal-root ganglion cells were reported. Nav1.1 is expressed preferentially in large DRG neurons whereas Nav1.7, Nav1.8 and Nav1.9 are expressed preferentially in small DRG neurons, suggesting a possible role in nociception. Meanwhile Nav1.6 and Nax are expressed mostly in large neurons as well as in medium-sized DRG neurons [91] [92] [93] . Nav1.2, Nav1.3 and Nav1.5 are expressed highly in embryo but rarely expressed in adult DRG neurons [91, 94] . Knockdown and knockout studies provide convincing data that Nav1.8-deficient mice display reduced mechanical and thermal nociception and delay the development of inflammatory hyperalgesia [95] . Administration of antisense for Nav1.8 that is a tetrodotoxinresistant isoform is also effective in dampening complete Freund's adjuvant-induced hyperalgesic behavior [96] . A marked increase in Nav1.8 immunoreactivity was observed in injured peripheral nerves after the nerve injury [97] . Knockdown of Nav1.8 by administration of its antisense oligonucleotides significantly reverses Current concepts of nociception Hwang and Oh 431 neuropathic pain [97, 98] . Nav1.3, one of tetrodotoxinsensitive isoforms, is upregulated during neuropathic pain development [94, [99] [100] [101] . Classical local anesthetics such as lidocaine and anticonvulsants such as carbamazepine are known to inhibit voltage-gated sodium channels [102] , which is thought to be an analgesic mechanism for neuropathic pain [103] . Thus, selective blockers for this family of channels might become useful therapeutics to control chronic pain in the future.
Of other types of voltage-gated channels, the N-type calcium channel has been massively studied recently for treating pain. Although three independent studies with mice deficient of the a-subunit of the N-type calcium channel (a 1B ) were generated in the early 2000s, no consistent results on its contribution to acute mechanical or thermal pain were reported [104] [105] [106] . Its role for central sensitization in inflammatory or neuropathic pain, however, was generally agreed [104] [105] [106] . Furthermore, the role of the N-type calcium channel (a 1B ) in mediating neuropathic or inflammatory pain in the spinal cord became obvious when specific antagonists of the channel were used. Intrathecal injection of snail toxins (v-conotoxin MVIIA or v-conotoxin GVIA) that are specific blockers of the N-type calcium channel reduces inflammation-induced hyperalgesia and neuropathic pain [107] [108] [109] [110] [111] . Indeed, one of the snail toxins, v-conotoxin MVIIA (also known as ziconotide, SNX-111), was recently approved by the US Food and Drug Administration for managing chronic pain such as neuropathic pain [112, 113] . Interest in studying voltage-gated calcium channels was further increased because of gabapentin, an effective drug that is clinically used now for the treatment of neuropathic pain. Gabapentin is known to interact with the accessory subunit of the voltage-gated calcium channel, a2d-1 subunit [114, 115] . The accessory subunit of calcium channels appears to modulate trafficking of a1 subunits (major pore forming subunits of calcium channels) to the plasma membrane or regulate its channel properties [116] . Furthermore, the expression of the accessory subunit in DRG and spinal cord is increased during neuropathic pain development [117, 118] . Further studies, however, such as the generation of knockout animals are necessary to uncover its contribution to neuropathic pain.
Conclusion
Recent advances in molecular biology led us to the identification of molecular species of various novel ion channels. Among these channels, thermoTRP channels are sensitive to a wide range of temperatures relevant for cold to hot sensation. Inflammatory signals stimulate these channels for exciting sensory neurons, suggesting roles for mediating inflammatory pain. Indeed, genetic disruption of these channels reveals their in-vivo functions in nociception. ASICs and P2X channels activated by extracellular acid and ATP also appear to mediate inflammatory as well as neuropathic pain. Some types of voltage-gated sodium or calcium channels are implicated in neuropathic pain. These genetic, molecular and cellular studies provide us with valuable information on selecting targets for developing new drugs to treat chronic pain.
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